Silicon (Si) and Germanium (Ge) are widely used as source/channel/drain materials in nano-electronics integrated circuits. However, the indirect bandgap of these group IV elements prevents them from being used as efficient lightemitters. Different approaches have been proposed to overcome the indirect bandgap of Ge, such as doping, 1 strain adding, 2, 3 or Sn alloying. 4 According to calculations, between 1.7% and 1.9%, biaxial tensile strain transforms Ge into a direct semiconductor with a direct bandgap in the midinfrared around 2.6 lm wavelength. [5] [6] [7] [8] Concerning bi-axial strain, 44 nm thin Ge membranes glued on kapton membrane and deformed by a high pressure gas were reported to withstand a tensile strain of up to 2.0%. 9 The highest bi-axial tensile strain reported so far, 2.35%, was achieved in even thinner (10 nm) Ge layers epitaxially grown on larger lattice parameter InGaAs buffers. 10 Such small thicknesses prevent them from being used to confine light in photonics devices because of a dramatically reduced overlap with the optical field. SiN stressor layers were also used to induce strain in Ge, 11, 12 but the achieved strain values were rather lower. We consider suspended Ge membranes as most interesting to reach the highest levels of strain, using strain redistribution. 2, 3, 6 The highly strained membranes are envisioned to be used as gain media inserted in a laser cavity defined, for instance, by photonics crystals. 13 In this paper, we focus our work in reaching such challenging high level of strain predicted as an indirect-direct transition. We detail how we obtained a high bi-axial strain in thick Ge (0.35 lm) by using strain redistribution in Ge micro-bridges. This was made possible, thanks to membrane processing in high quality optical GeOI substrates with a low density of threading dislocations. The thick Ge withstands high strains, while providing optical confinement and low propagation losses of the optical modes.
First, the 200 mm optical GeOI wafers fabrication using the Smart Cut TM technology will be explained. Then, the principle and the process flow used for micro-bridge fabrication will be detailed. Finally, the strain characterization will be presented.
The process flow starts with the "optical" GeOI substrate fabrication presented in Figure 1 . GeOI substrates fabricated using the Smart Cut TM technology were initially developed for microelectronic purposes; Ge overlayers and Buried Oxide (BOX) were thus thin (60 and 150 nm, typically). 14, 15 However, such thicknesses prevent them from being used for photonics, which requires thick Ge and BOX layers for light confinement and low leakage into the substrate. 16 We developed specific processing steps to fabricate "optical" GeOI substrates. First, a 2.5 lm intrinsic Ge layer was grown on 200 mm Si wafers in an Epi Centura reduced pressure-chemical vapor deposition tool (Figure 1(b) ). Short thermal cycling was used afterwards to reduce the threading dislocations density (down to 10 7 cm
À2
). A 2 nm thick Si passivation layer was deposited on the 2.5 lm thick Ge layer to protect it from oxidation. A thin silicon di-oxide layer low as 0.31 nm. Finally, thinning is performed by dry etching in a RIE reactor in order to obtain the desirable Ge thickness for the targeted application. 0.35 lm thickness was chosen for mono-mode light propagation at wavelengths close to 2 lm. This GeOI process flow yields higher crystalline quality layers compared to Ge directly grown on Si or SOI. Indeed, only the top part of thick Ge layers (2.5 lm, typically), which is far less defective than the region close to the Ge/Si interface, is present in the end on top of the BOX. At the end of the fabrication, the Ge strain is evaluated at 0.16%. It results from differences in thermal expansion coefficients between Ge and Si, which come into play during the cooling-down to room temperature after epitaxy ( Fig. 1(b) ). The strain is essentially preserved through the bonding steps ( Fig. 1(e)-1(g) ). This residual strain is later amplified via the lateral structuration of the suspended membrane.
High-Angle Annular Dark-Field imaging in a Transmission Electron Microscope (TEM) was used to compare SmartCut TM optical GeOI substrates and 1.4 lm thick Ge layers grown on SOI substrates in the same CVD chamber. Cross-sectional micrographs can be found in Figure 2 . For thick Ge layers grown on SOI (Figure 2(a) ), numerous misfit dislocations are present close to the Ge/Si interface, which is harmful for mechanical resistance to high strain. A close-up at the interface between Ge and the BOX is shown in Figure 2 (b) for an optical GeOI substrate. Much lower number of dislocations is evidenced for the GeOI. X-ray diffraction (XRD) rocking curves were also measured in Ge grown on SOI and in GeOI substrates around the 220 Bragg reflection. The peak full width at half maximum was 30% smaller in GeOI substrates than in Ge-on-SOI, indicating an improvement in mosaicity for GeOI substrates (i.e., a better crystalline quality). In summary, at the end of the process, we obtained very high quality Ge-On-Insulator films with a built-in thermal strain.
The principle of the strain concentration 2 is presented in Figure 3 . The strain is concentrated in the central area of our device by suspending a patterned Ge layer with the typical profile presented in Figure 3 (a). In order to optimize the strain homogeneity, we performed Finite Element Method (FEM) simulations using COMSOL Multiphysics. We used a 2D linear elastic model taking into account the germanium stiffness matrix. We assumed that there was no stress along the direction perpendicular to the membrane. An additional boundary condition is set as a zero displacement of the Ge layer along the contour defined by the under etching front (dashed line in the Figure 3(a) ), and we apply a stress on the freed pattern (red line in the Figure 3 Figures 1(b)-1(d) . Keeping the under etching and the traction arm length identical, the strain increases when the size of the center zone decreases, giving a bi-axial tensile strains of 1.03, 1.35, and 1.90% for c ¼ 4, 3, and 2 lm, respectively. These calculated strains were averaged around 1 lm in the central region (dashed black circle in the Figure 3) .
To redistribute and amplify the tensile strain present in optical GeOI substrates, membranes were fabricated using the design rules presented in Figure 3 . Membrane patterning was performed using e-beam lithography followed by dry etching in an ICP reactor with Cl 2 ,N 2 , and O 2 gas. The under-etching was carried out in a dedicated etching reactor combining anhydrous HF vapor and alcohol vapors. Etching speed could be modified by varying the gas flows. Low speed under-etching yielded Ge membranes suspended in the air, as illustrated by SEM imaging in Figure 4 (b).
Tensile strain was quantified using micro-Raman spectroscopy with an input laser at 785 nm wavelength (giving a light penetration depth of 220 nm). The light was focused onto the sample surface with a 100Â (0.9 numerical aperture) short working distance objective. The resulting spot diameter was around 1 lm. Power dependence measurements were performed in order to quantify the heating effect. 17 From this calibration, the laser intensity was fixed to 11 lW focused on the sample which gives a heating effect lower than the indicated uncertainty of 0.1 cm
À1
. The Raman shift is measured by fitting spectra with Lorentzian functions in order to increase accuracy. A bulk Ge (001) substrate was systematically used as a reference for 0% of deformation. The strain shift coefficient used to linearly link the applied strain and the detected Raman shift was 424 cm À1 . [18] [19] [20] Figure 5 (a) presents the Raman spectra associated with an optical GeOI wafer and a bulk Ge (001) substrate. The tensile strain in the former is around 0.16%. The Raman spot size is well suited to measure the strain in the center of Ge membranes given the strain homogeneity presented in Figure 3 (as illustrated in the inset of Figure 5(b) ). Parameters a, b, d, and e presented in Figure 1 are 250, 9, 17, and 116 lm, respectively. The under-etching is evaluated to be around 70 lm by optical microscopy measurements. When the dimension c of the strained regions shrinks (for the same traction arms) from 4 down to 3 and finally 2 lm, the measured tensile strain increases from 1.1% up to 1.4% and finally a record breaking 1.9%. Such data are in line with values predicted by modelling (Fig. 3) . The maximum detected Raman spectral shift is 8.1 6 0.1 cm
, which corresponds to a strain value of 1.91 6 0.02%. Highly strained Ge membranes were fabricated using biaxial strain amplification in optical GeOI substrates. Thanks to the high quality of SmartCut TM GeOI 200 mm wafer, tensile strains up to 1.9% in thick Ge layers (350 nm) were achieved. We have thus reached the strain value predicted to transform germanium into a direct band-gap material. This work highlights the 200 mm GeOI wafer as a very promising platform for Ge photonics. Indeed, such high induced strain in thick Ge layer shows the high potential of tensile strain redistribution in GeOI wafer and paves the way toward the demonstration of a Ge direct bandgap for laser applications.
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